This chapter reviews the current treatment of chronic and neoplastic HPV-associated conditions and the development of novel therapeutic approaches. Surgical excision of HPV-associated lower genital tract neoplasia is very successful but largely depends on secondary prevention programmes for identification of disease. Only high-risk HPV-driven chronic, preneoplastic lesions and some very early cancers cannot be successfully treated by surgical procedures alone. Chemoradiation therapy of cervical cancer contributes to the 66-79% cervical cancer survival at 5 years. Outlook for those patients with persistent or recurrent cervical cancer following treatment is very poor. Topical agents such as imiquimod (immune response modifier), cidofovir (inhibition of viral replication; induction apoptosis) or photodynamic therapy (direct damage of tumour and augmentation of anti-tumour immunity) have all shown some useful efficacy (~50-60%) in treatment of high grade vulvar intraepithelial neoplasia. Provider administered treatments of genital warts include cryotherapy, trichloracetic acid, or surgical removal which has the highest primary clearance rate. Patient applied therapies include podophyllotoxin and imiquimod. Recurrence after "successful" treatment is 30-40%. Further improvements could derive from a rational combination of current therapy with new drugs targeting molecular pathways mediated by HPV in cancer. Small molecule inhibitors targeting the DNA binding activities of HPV E1/E2 or the anti-apoptotic consequences of E6/E7 oncogenes are in preclinical development. Proteasome and histone deacetylase inhibitors, which can enhance apoptosis in HPV positive tumour cells, are being tested in early clinical trials. Chronic high-risk HPV infection/neoplasia is characterised by © 2012 Elsevier Ltd. All rights reserved. * Corresponding author. Tel.: +44 0161 446 3127; fax:+44 0 1614463109, pstern@picr.man.ac.uk (P. Stern).
Introduction
In the past decade, there have been remarkable advances in our understanding of the natural history of human papillomavirus (HPV) infection and its role through persistence as the major risk factor in the development of cervical and other anogenital cancers. Primary (vaccination) or secondary prevention programs (cervical screening) can impact decisively in preventing cancer but both these approaches are not available for many at greatest risk. All those with HPV-driven chronic or neoplastic lesions and cancers potentially require therapy. If surgical removal is not possible or is unsuccessful, then other approaches are necessitated. The purpose of this chapter is to review the current treatment of chronic and neoplastic HPV-associated conditions and the prospective clinical agenda driving the development of novel therapeutic approaches. These developments exploit knowledge of the molecular virology of infection and/or neoplasia and/or the potential for stimulation of the immune response to affect viral clearance or lesion elimination or ultimately cancer therapy.
Current treatment

Lower genital tract neoplasia
Lower genital tract neoplasia comprises cervical, vaginal, and vulvar intraepithelial neoplasia (VIN), which in a small proportion of cases, progresses to invasive cancer. Virtually 100% of cervical, ~43% of vulvar, and ~70% of vaginal tumors are attributable to human papillomavirus infection annually generating 530,000 cervical and 21,000 vulvar and vaginal cancers worldwide ( [1] and see Forman D et al., Vaccine, this issue [2] ). In the absence of a screening strategy, there has been an increase in the incidence of VIN and vulvar cancer in younger women [3] . Treatment standards for HPV-associated anogenital lesions have primarily been by surgical excision.
Since high-grade cervical intraepithelial neoplasia (CIN) affects mainly women of reproductive age, targeting the most clinically relevant CIN has clear clinical implications for young women. Current treatment strategies focus on eliminating the abnormal HPVinfected precancerous cells while minimizing harm to the cervical integrity. Common procedures for CIN treatment include a loop electrosurgical excision procedure (LEEP), cold knife cone biopsy, electrofulgaration, cold-coagulation and cryotherapy. Hysterectomy is unacceptable as primary therapy for high-grade CIN [4] . The decision to use one procedure over another is based on the provider, infrastructure, and clinical concerns. Due to the relatively inexpensive infrastructure needs and the ability to perform these procedures in an outpatient setting, a LEEP is one of the most commonly used procedures. If there are concerns about invasive disease or issues with the margins, typically a cold knife cone is the treatment standard due to the ability to resect the endocervical canal deeply and to avoid diathermy artefact at the margins.
Cryotherapy is a treatment widely used in many countries, since it is the only option available outside of surgical settings due to its ease of use. However, due to the lack of a specimen for histopathology, the diagnosis and visualization of the lesion must be certain prior to using cryotherapy to avoid missed cancers, such as those deep in the endocervical canal or in the case of glandular lesions. It is important to note, however, that while all of these extirpative procedures are very effective at treating CIN, none target the cause of these lesions, a persistent HPV infection. Additionally, all carry the same risk of increasing the risk of preterm birth [5, 6] , likely by weakening the cervical integrity.
Cervical cancer
Most cervical cancers identified in screening programmes are International Federation of Gynecology and Obstetrics (FIGO) stage 1a and these can be treated by conisation or radical hysterectomy with excellent survival. More advanced tumors are treated with concomitant chemoradiotherapy using cisplatin-based regimens. Survival is improved even in high-risk patients who have histologic evidence of metastatic disease to pelvic and/or para-aortic lymph nodes [7] . A Cochrane review of 19 randomized controlled trials (RCTs) in locallyadvanced cervical cancer confirmed the improvement in survival with platinum-containing regimens with radiation therapy [7] . In patients who have persistent or recurrent cervical cancer after treatment, survival is poor. In addition to the mortality associated with this disease, advanced and recurrent cervical carcinoma is also associated with severe morbidities, including renal and liver toxicity and failure, complex fistulas, and painful bony metastases. Retreatment with platinum-based combination therapy offers some improvement in survival when compared to no therapy. A randomized trial of cisplatin versus the combination of cisplatin and paclitaxel demonstrated improved response rates for the combination, but no impact on survival, which remained in the 8-9 month range [9] . Recent trials [10] in this patient population include the addition of targeted therapies such as cetuximab (GOG207), taxanes (GOG240) or immunotherapies (GOG265). Improving the results of such trials will necessitate the use of predictive models and adaptive study designs to enrich the potential eligible patients for trials that might have more benefit. The lack of innovative treatments in persistent or relapsed disease will limit significant advances in prognosis.
VIN and vulvar cancer
The standard of care for treating VIN has been, and remains, surgical excision for unifocal disease and lesions suspicious for possible invasion. More problematic is multifocal disease, which can affect a large proportion of the vulva [11] . Excision of such a large area of vulvar skin can result in loss of vulvar contours and sexual function, which can have a profound effect on a woman's self esteem and quality of life [12] . Treatment failure in VIN is not only common, but risks development of invasive disease, which only adds to the challenge. These difficulties mean that surgical excision is not an optimal means of treating multifocal disease. Laser ablation has the advantage of precise application and avoidance of skin loss, but it is associated with a high rate of treatment failure. These shortcomings in surgical treatment mean that effective non-surgical treatment is urgently needed. Vulvar cancer relies on surgery for localized disease and a combination of surgery and chemoradiation for nodal metastases. Only in very advanced disease, where surgery would necessitate defunctioning bowel or urinary tract, is chemoradiation preferred as sole therapy. The major development in vulvar cancer surgery in recent years has been sentinel node biopsy, which offers the means to avoid full groin dissection in sentinel node-negative women, thus reducing the risk of lower limb lymphoedema, which can be very disabling [13] . An effective topical treatment would greatly increase the scope for treatment, particularly in women who are reluctant to undergo surgery. Because it can be self-administered, it also has the potential advantage of reducing hospital visits. It might ultimately be used in combination with a systemic treatment such as vaccination.
Anal and penile cancer
HPV is associated with ~88% of the 24,000 worldwide annual cases (60% in women) of anal cancer (Forman D et al., Vaccine, this issue [2] ). There is a disturbing trend of an increased incidence of anal cancer and anal precancerous lesions in the setting of human immunodeficiency virus (HIV) (Denny LA et al., Vaccine, this issue [14] ). The dramatically increased relative risks of anal cancer are alarming; not only in men who have relative risks of anal cancer as high as 163 when compared to HIV-uninfected men (and in particular men who have sex with men), but in HIV-infected women who do not report anal receptive intercourse as well, where relative risks have been reported to be as high as 134 in the highly active antiretroviral treatment (HAART) era [15] . This epiphenomenon has likely been masked as men and women with acquired immunodeficiency syndrome (AIDS) historically died of other opportunistic infections or AIDS diseases before the onset of anal disease. Now that HIV-infected individuals are living longer on HAART, we are in the heart of the new leading edge of this clearly AIDS-related disease. In all HIV strata of disease control, HPV and abnormal anal cytology rates are exceedingly high, indeed higher in the anal canal than in the cervical-vaginal tract, suggesting synergistic effects of HPV-associated anal disease in the setting of HIV. Treatments are usually ablative, using electrofulgaration, infrared coagulation, or laser ablation. Excision is reserved for those high grade anal intraepithelial neoplasias (AIN) where there might be microinvasive disease or cancer. There have been encouraging results from clinical trials using topical therapies for the treatment of high-grade AIN such as 5-fluoruracil (5-FU), imiquimod, and topical cidofovir [16] [17] [18] .
HPV is associated with ~50% of the 11,000 worldwide cases of penile cancer (see Forman D et al., Vaccine, this issue [2] ). Surgical treatment for local disease remains the best option, but organ-preserving procedures provide good aesthetic and functional results with acceptable oncologic control. Regional disease is treated with radical inguinal lymphadenectomy if resectable. For nonresectable regional disease and metastases, neoadjuvant cisplatinum-based regimens are the best option. Topical chemotherapy agents (5-FU, imiquimod) are moderately effective first-line therapy in the treatment of penile carcinoma in situ (CIS). The issues of long-term surveillance and assessment of partial responders remain a challenge [19] .
Head and neck cancers
Oncogenic HPV is recognized as a major risk factor for the development of head and neck (HN) squamous cell carcinomas (SCC) (Gillison ML et al., Vaccine, this issue [20] and [21] ). HPV is mostly detected in tumors of the oropharynx (OP) and more specifically the tonsil, and this group displays clinical and molecular features distinct from other HNSCC. Inoperable OP SCC are treated by regimens using fractionated radiotherapy combined with cisplatin. The better relative survival of the HPV-positive patients is independent of the therapy. This favorable prognosis indicates that the patients may benefit from a less intense treatment regimen [22] . A current trial in HPV-positive OP patients (ECOG 1308) is assessing induction of responses using chemotherapy (paclitaxel; cisplatin; cetuximab) followed by concurrent radiation/cetuximab. Given the rising rates of HPV-related OP cancer [23, 24] , the use of new antiviral or immunotherapeutic approaches is certain to be of value.
2.6. Non-malignant HPV-associated anogenital warts and laryngeal papillomatosis (recurrent respiratory papillomatosis, RRP) 2.6.1. Genital warts (GW)-A recent survey in the UK synthesizing sexual health clinic and general practitioner data showed an incidence of new cases at 0.16% per annum (population survey, denominator all ages) and an incidence of recurrent cases at 0.13% per annum [25] . This highlights that recurrence of disease after successful clearance is a frequent problem in many cases. Recent clinical guidelines have remained broadly similar to those over the last 10 years [26, 27] . Treatment is guided by patient preference in consultation with their health care provider, reflecting available resources and practitioner expertise. Treatments can be categorized as provider administered or patient applied. Provider administered therapies include cryotherapy, trichloracetic acid, or surgical removal. Surgical therapy has the highest primary clearance rates of any GW treatment [27] , but requires substantial clinical training, additional equipment and a longer consultation time. Patient applied therapies include podophyllotoxin, which is available in a various formulations in different countries, and imiquimod. In general, podophyllotoxin is cheaper than imiquimod, whereas imiquimod 5% is associated with lower recurrence rates than podophyllotoxin [27, 28] . There is only one published RCT of podophyllotoxin versus imiquimod which showed similar primary clearance rates, although the sample size was small and recurrence rates were not measured [27] . Recent UK sexual health clinic data show that ~40% of GW patients receive patient-applied therapy, in half of those, in combination with clinic treatment [28] . Furthermore 55% of men and 45% of women only attend for a single visit, during which they are issued with home treatment, arguing for the cost-effectiveness of such a strategy in suitable cases [28] . A new patient-applied therapy for GW containing green tea catechins (sinecatechins) has been developed, shown to be effective in RCTs against placebo, and approved [27] . To date, this is only available as a 15% ointment in the USA, and a 10% ointment in Germany and Austria. Low recurrence rates are seen after successful clearance with sinechatecins, similarly to imiquimod [29] .
Recurrent respiratory papillomatosis-RRP
is a rare serious disease, which usually shows a more refractory disease course in paediatric versus adult cases (Gillison ML et al. Vaccine, this issue) [20] . There is also potential for malignant transformation. Treatment is by surgical debridement, but many adjuvant therapies have been used with varying claims as to their effectiveness [30] . The desire to help these unfortunate patients has driven diverse studies, but no convincing long-term benefits have been shown with interferon-alpha, retinoids, methotrexate, 5-FU or acyclovir. Numerous other therapeutic approaches considered adjunctive to periodic surgery have been or are being tested, including the active ingredient in cabbage juice extracts (diindoylylmethane), anti-malarials (artemisinin, artesunate), direct injection of measles-mumpsrubella vaccine or anti-vascular agents (e.g., avastin after laser treatment). Unfortunately very few RCTs have been conducted in the treatment of RRP, except for a placebo-controlled trial of cidofovir, which showed no difference between arms, and a placebo-controlled trial of a cycloxgenase-2 inhibitor (COX-2), celecoxib, which is still recruiting [31, 32] .
Development of novel treatments
HPV specific immunotherapies
The immune system plays an important role in controlling the development of cancer [33] .The HPV genome encodes two oncoproteins, E6 and E7, which are constitutively expressed in high-grade lesions and cancer, since they are required for the onset and maintenance of the malignant cellular phenotype [34] . The presence of these defined tumorspecific antigens forms an excellent basis for the development of strategies aiming to reinforce the immune response to combat cancer. It has long been known that the adaptive immune response, in particular T cells, confer protection against HPV-induced diseases [35, 36] . However, it is likely that in some cases the natural immune response against these HPV proteins may have been compromised, e.g., in a chronic HPV infection or cancer by systemic and/or local immune regulatory or escape factors [37, 38] . This presents challenges for therapeutic vaccination but strategies for further optimizing effective immunization to overcome these issues could lead to clearance of HPV infected cells, persistent lesions or cancer. Fig. 1 and 2 and Boxes 1 and 2 illustrate and summarize the mechanistic principles and challenges of antiviral immune therapies. Overall, HPV-induced progressive diseases are associated with a lack of a strong HPV-specific CD4+ and CD8+ T cell response and rather, are infested with immune suppressive cells. In some circumstances, the balance of positive and negative immune factors may be changed, leading to clearance of lesions. This is an area where therapeutic vaccines against HPV targets may be of value.
Therapeutic vaccines
Therapeutic vaccines aim to induce or boost HPV T cell adaptive immunity. Vaccines based on a wide range of recombinant viral vectors, recombinant proteins, naked DNA, antigenpulsed dendritic cells (DC) and HLA-class I-restricted peptide-epitopes have all been tested for treatment of HPV16-driven diseases but without any significant clinical success (Table 1 ). This is likely the result of a failure to induce sufficient strength and breadth of HPVspecific CD4+ and CD8+ T cell responses [39] . However, two recent studies have reported successful treatment of about 50% of patients with HPV16-induced high-grade lesions of the vulva where there was a direct correlation with the vaccine-induced immune response. One vaccine was an adjuvanted set of synthetic long overlapping peptides of HPV16 E6 and E7 (HPV16 SLP) and the other a recombinant HPV16 E6E7L2 fusion protein (TA-CIN) [40] [41] [42] . Efficacy was associated with the induction of a strong HPV-specific CD4+ T cell response and included the induction of HPV16-specific CD8+ T cell activity. Importantly, the patients with unresponsive lesions showed reduced systemic vaccine responses but also increased numbers of lesion associated immune suppressive T regulatory cells (Tregs). The HPV16 SLP was also quite immunogenic in patients with cervix cancer but failed to induce tumor regression [43, 44] . The failure to cure some premalignant lesions and the cancers appears to result from an unfavorable balance in effector T cells and Tregs.
Modulating immune suppression
The future success of immunotherapies will need to address the means to alter this balance. Given the importance of the local microenvironment to the persistence of HPV-induced lesions and tumors, treatments that can alter the balance of immune effectors locally have shown effectiveness. Chemotherapy or radiotherapy can influence immune regulatory activity and in combination with vaccination can potentiate effective local HPV specific T cell immunity in mouse tumor models [45, 46] . Successful treatment of large persistent lowrisk HPV-induced lesions that are infested with Tregs has been achieved with low-dose cyclophosphamide which alters the local immune milieu [47] . Currently a randomized trial comparing chemotherapy alone versus a combination with HPV16 SLP in patients with metastatic cervical cancer is planned and a pilot study is ongoing (EudraCT2010-018841-76). Other approaches may use adoptive cell therapy (ACT) or therapeutic antibodies against the inhibitory molecules expressed by T cells, which have shown success in treating melanoma patients [48, 49] . ACT with HPV-specific T cells used in combination with chemo-or radiotherapy and subsequent vaccination can potentiate tumour therapy in mouse models [50, 51] . Early data suggest that it is possible to consistently obtain HPV-specific effector T cells from patients with cervical cancer under full GMP conditions (van Poelgeest and van der Burg, unpublished observations) and a trial is being planned. Given the importance of the local microenvironment in the persistence of HPV-induced lesions and tumors, treatments that can shift the balance of immune effectors locally, such as COX-2 inhibitors through prevention of the production of prostaglandin E2 or transforming growth factor β (TGFβ) type I receptor kinase inhibitors [52,53] as well as antibodies to interleukin (IL)-6 and/or IL-10 may be effective. The ultimate goal is to identify the optimal combination to generate a favorable T helper 1 type of microenvironment resulting in increased local immune cell trafficking providing for vaccine-induced immunity to effectively eradicate persistent lesions. A good example is the potential of imiquimod to prime the microenvironment for successful immune-mediated clearance of vulvar lesions.
Imiquimod
Imiquimod (an imidazoquinoline amine), is an immune response modifier licensed for the topical treatment of external genital and perianal warts. Imiquimod acts through a Toll-like receptor (TLR7) [54] , which can stimulate not only local innate immunity with potent antitumor effects but also drive an adaptive immune response (e.g., specific T cell effectors) in secondary lymphoid tissues by activating tissue antigen presenting cells. Thus antiviral and antitumor effects derive from the stimulation of the innate immune response through induction of cytokines and the cellular arm of acquired immunity through interferons and interleukins. Fourteen studies of imiquimod VIN treatment have been reported, including two randomised double-blind placebo controlled trials, with clinical response rates varying from 30-90% [41, 55, 56] In responder lesions imiquimod produces a T helper 1 type inflammatory response facilitating significantly increased local cytotoxic T lymphocyte activity while in non-responder lesions, there is an increased density of Tregs pre and post treatment [41, 55] . A significant correlation between the presence of circulating, pre-existing HPV specific T lymphocytes and regression of HPV positive lesions has also been observed [37, 55] . The optimal therapeutic impact of treatment may depend both on local and systemic immune factors. Imiquimod as a topical VIN application has been used two or three times a week, usually for 16 weeks, which generally results in an acute and severe local inflammation and treatment tolerance can be an issue.
Cidofovir
Cidofovir (1-[(S)-3-hydroxy-2-(phosphonylmethoxy)-propyl]cytosine) is an acyclic nucleoside phosphonate. It is an antiviral licensed for intravenous use in the treatment of cytomegalovirus (CMV) retinitis in HIV patients [57] . Cidofovir has been shown to reduce E6 and E7 expression and to reduce the metastatic properties of HPV-positive tumor cells [58] . Cidofovir was first shown to have an effect in anogenital condyloma [59] . A study in CIN3 showed complete regression in seven out of 15 women (47%), after three treatments on alternate days with topical cidofovir, and a partial response was seen in five patients (33%) [60] . No effect was seen on the non-dysplastic tissue. In a pilot study, 12 women with high-grade VIN were treated with topical cidofovir, three times a week for 16 weeks. Cidofovir was applied to both the diseased vulvar skin and the surrounding healthy skin. There was an intense ulcerative reaction at the site of disease, which was sometimes painful. This, however, was limited to the site of disease, and no effect was seen on the neighboring healthy skin. Four of the 10 women who completed follow up had a complete regression of disease (40%), with resolution of long standing symptoms, and histological clearance [61] . Cidofovir is considerably more expensive than imiquimod and currently has to be individually formulated for patients. A randomized phase II multicenter trial of imiquimod and cidofovir topical treatments (a cream and gel) in women with biopsy-proven VIN is in progress (EUDRACT 2006-004327-11) to determine whether they are active, safe, and feasible to use. Interestingly, cidofovir selectively targets and inhibits the CMV DNA polymerase but HPV does not have a DNA polymerase. HPV uses the host enzyme and therefore the drug can only work in HPV transformed cells because these cells have compromised DNA repair which some believe is a somewhat risky strategy in patients with premalignant lesions [62] . The recent report documenting serious adverse reactions in RRP in off-label use of cidofovir is particularly worrying [63].
Photodynamic therapy (PDT)
PDT is an FDA-approved treatment option both for the elimination of early-stage malignancies and palliation of symptoms in patients with late stage tumors of skin, esophagus and lung [64, 65] . A wide variety of non-oncological dermatological lesions, premalignant dysplasia and cutaneous malignancies have shown a favorable response to PDT [64] . With PDT treatment, a non-toxic photosensitizer is absorbed into the virusinfected neoplastic tissue, and activated by visible light tuned to the appropriate absorption wavelength of the photosensitizer molecule. This leads to production of reactive oxygen species resulting in directed tumor cell death. Additionally, secondary events including microvascular disruption and local acute inflammation are known to make a significant contribution to long-term tumor control. The initial cell death prompted by PDT treatment is believed to generate excess tumor antigens, and the inflammatory response activates antigen presenting cells which process the tumor antigens and produce IL-12 enabling the optimal activation, proliferation and differentiation of IFN secreting effector T cells necessary for effective anti-tumor immunity [66, 67] . The characteristic feature of PDT, which is infiltration of immune cells into the treated tumor bed, provides a rational basis for treating HPV-associated neoplastic conditions of the lower genital tract. Cellular immunity clearly plays an important role in controlling high-risk HPV-associated lower genital tract neoplasia and PDT offers a means to alter the immunological balance in chronic VIN leading to lesion and viral clearance. The real benefit of PDT treatment lies in its ability to treat multifocal disease without tissue loss. Challenges include patient tolerance of treatment requiring regional or general anaesthesia, uniformly targeting the photosensitizer to the VIN lesions (cream, gel, solution, intravenous route, bioadhesive patch), and protecting normal tissues targeting the coherent light source [68, 69] . There is a therefore a need to develop optimized and standardized methods of delivering photosensitizer PDT to the vulva. Even though initial treatment responses after PDT for VIN are encouraging, disease recurrences often occur with an overall clearance in the range of 40-60% [64] . In theory, combination with immunotherapy could prove superior to PDT alone by means of a two-pronged attack. The topical immune response modifier, imiquimod, and PDT are both easily available. Combination treatment has shown a 60% treatment response at week 52 [53] was sustained for up to 3 years in women who made a complete response to the treatment [39] . However, immune evasion strategies can ultimately influence outcome [70] .
Strategies for drug targeting HPV genes
3.7.1. E1 and E2-Overall survival in cervical cancer patients treated by standard chemoradiation is 66-79% at 5 years. Further improvements in treatment outcomes could derive from a rational combination of current therapy with new drugs targeting molecular pathways mediated by HPV in cancer. Targeting has included the viral E1 helicase, the E2 regulatory protein and the E6/E7 oncogenes [71] [72] [73] . E1 has ATPase and DNA helicase activities facilitating the unwinding of the viral DNA ahead of the replication fork. High throughput screening for inhibitors of E1 ATPase activity has identified some lead compounds but these have not been active in cell-based assays [74] . Viral DNA replication is initiated by recruitment of E1 by E2, to specific DNA sequences within the viral origin of replication [75] . Substantial efforts have been made to target the DNA-binding activities of E1 and E2 or prevent E1-E2 interaction with only a few compounds showing activity in vivo models [76, 77] . However since expression of E1/E2 viral proteins are frequently lost during malignant transformation most effort has been directed at the HPV oncogene targets.
E6 and E7-Chemoradiation
causes DNA damage, ATM signalling, p53 activation and apoptosis (intrinsic pathway). However, HPV viral proteins E6 and E7 disrupt p53 and pRb functions reducing sensitivity to chemoradiation. The mechanisms whereby high-risk HPV E6 and E7 proteins subvert cellular proliferation and survival, promoting neoplasia, and potential drug strategies to exploit these processes are summarized in Fig. 3 and Box 3 (Doorbar J et al., Vaccine, this issue [78] and [34] ). For example, short interfering RNA (siRNA), antisense oligodeoxynucleotides or ribozymes specific for E6 and E7 have shown some in vitro activity in sensitizing cervical cancer cells to chemoradiation [71, 73] . Small molecule targeting of E6 interaction with E6AP represents an attractive therapeutic target since it can reactivate p53 function, leading to growth arrest and apoptosis in HPVtransformed cells [79] . Using sequence alignment, molecular modelling with virtual and actual screening has yielded some useful lead compounds [80] [81] [82] . Recently, a small peptide was identified that binds and degrades E7, thus restoring pRb regulatory control of E2F as shown by the G1-phase arrest and reduced proliferation of SiHa cells in vitro and tumorogenicity in vivo [83] . Generally, the relatively weak antiviral effects of small molecule inhibitors observed in vitro ensure that large improvements in potency and delivery will be required for clinically relevant use.
Proteasome inhibitors-Since HPV E6 targets p53 for degradation, proteasome
inhibitors that act by preventing ubiquitin-proteasome protein degradation have also been tested in cervical carcinoma cells. The proteasome inhibitor MG132 increases p53 protein levels and transcriptional activity in human cervical cancer cell lines, providing for sensitization of the cells to TRAIL-receptor or Fas-mediated apoptosis [84] or radiosensitivity under hypoxic conditions [85] . Bortezomib (PS341, Velcade ® , Millennium Pharmaceuticals, Cambridge, MA, USA), with specificity for the chymotrypsin-like proteasome activity [86] , has been shown to sensitize SiHa to radiotherapy via inhibition of the NF-ĸB pathway, in tumor xenografts induces caspase 3 cleavage and under hypoxic conditions decreases vascular endothelial growth factor (VEGF) production, affecting tumor growth [87, 88] . Recent clinical studies have shown that bortezomib combined with radiotherapy is well tolerated in patients with advanced cancers [89] . However, there are concerns over toxicity issues in relation to use of these proteasome inhibitors in patients with premalignant lesions. By contrast, lopinavir (Kaletra ® , Abbott Laboratories, North Chicago, IL USA) is licensed for use in adult and paediatric HIV-positive patients, formulated for oral delivery. This drug showed dose-dependent upregulation of p53 in both HPV16 immortalized and transformed cells in vitro, leading to apoptosis, but normal keratinocytes were unaffected [90] . The mechanism is related to the ability to block viral proteasome activation and induce an upregulation of the antiviral protein RNASEL. These data provide support for further evaluation of the drug for local treatment of HPV-related neoplasia. However, effective dosing in vitro is 10 times that which is achievable by current oral delivery; therefore, trial design must focus on formulation for topical application. The manufacturers would need to make the drug available and the formulation development could be costly.
HDAC inhibitors-HAT (histone acetylase) and HDAC (histone deacetylase)
activities generate the histone acetylation status that regulates the transcriptional activity of many genes [91] . In cancer, inhibition of HDAC can modulate the expression of tumor suppressor genes and potentiate the effects of other therapeutic modalities [92] . In HPVpositive cells, HDAC binds to E7 which prevents HDAC binding to the E2F promoter leading to upregulation of E2F and increased proliferation [93] . However, HDAC inhibitors (trichostatin A or Valpoerate) can compete with E6 for p53 binding which results in p53 hyperacetylation leading to increased apoptosis and early clinical trials have been performed [94] . The potential for combination with chemoradiation for treatment of cervical cancer has been investigated [95] .
Barriers to progress
Immunotherapies
The challenge for immune-or antiviral-based therapies of HPV-associated conditions would be to safely provide a clear advantage over any existing treatments. For treating high grade CIN, this is likely to be extremely difficult given the current effectiveness of screening and treatment options. Nevertheless, an effective therapeutic vaccine targeting HPV16 and 18 oncogenes could provide for rapid viral clearance, prevention of latency and long-term protection against further infection relevant to all cancer risk at different sites. It would need to be very cheap and simple to deliver but, if efficacious therapeutically, might also be used prophylactically. It is likely that the proof of principle for therapeutic treatments will come from testing agents in the context of an unsatisfactory clinical management where there is room for improvement. Such conditions include high-grade VIN, recalcitrant GW, RRP or HPV-associated cancers. The increased understanding of the role of immune regulation in limiting effective anti-tumor responses, particularly lesion infiltration of effectors (Stanley M et al., Vaccine, this issue [96] ) and the optimal use of adjuvants in vaccines [97] will drive the successful development of immunotherapeutic regimens in the next 5 years.
Drugs
A number of significant barriers exist, not least the limits to our insights in relation to the molecular mechanisms driving the pathology. Should a target be discovered, is there a drug available that can be used against this target? Even if there is, there are considerable complexities in obtaining access to drugs, particularly if they are not licensed for that purpose. Then, there is the expense of producing batches of drugs of sufficient grade for a clinical trial and all of the associated bureaucracy. If there were a candidate drug, can it be shown to be bioavailable to the basal layers of the epithelium and is there a rational basis for a regimen using the drug? Given the expense, time, and effort involved in all of this and the fact that the pharmaceutical industry would not consider premalignant disease a 'blockbuster' area, can sufficient resources be found to make progress in this area? Much of the above could be applicable to the cervix as nonsurgical treatment would be preferable to the current crude surgical methods for treating cervical pre-cancer; certainly, the frequency of the disease would be commercially more attractive in terms of developing new treatments. There is clearly a niche for HPV function-related drugs that can synergize with current treatment regimens to deliver improved clinical outcomes.
Conclusion
Progress will likely come from clinical trials testing treatment of low-grade lesions of the cervix with the aim of accelerated and sustained resolution following either HPV immune or drug treatments as the stepping stone for wider therapeutic application. 
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BOX 1
Natural Immune control of HPV infection (Fig. 1) • HPV lifecycle is associated with a normal desquamation processes, does not cause death of the host cell and has no viremia, and the infectious virus particles are shed from mucosal surfaces.
• Immune control of an infection is a derivative from the complex interplay of the innate (non-specific) and the adaptive mechanisms delivered by specific antibodies and cellular effectors (e.g., T cells). Importantly, the adaptive immune system is activated only if it gets the correct signals from the innate immune system.
-Detection of damage through innate immune system.
-Activation of immediate non-specific effectors; secretion of interferons.
-Proinflammatory cytokines & chemokines support optimal activation of local antigen presenting Langerhans' cells, viral target antigen processing & migration to locoregional lymph nodes.
-Optimal activation of adaptive immunity and generation of specific CD4 T helper 1 type immunity supporting development of effector and memory CD8 cytotoxic T cells against viral E2, E6 and E7. Cellmediated immunity is believed to be critical in clearance of virus in basal epithelial cells.
-T helper cells also support optimal activation of B cells secreting HPV capsid type specific neutralizing antibodies. Long-lived plasma cells providing high levels of antibodies can protect against a subsequent infection through transudation into the mucosal secretions or through serous exudation.
• T cells specific for HPV early antigens clear & confer protection against HPVinduced diseases -HPV16-specific T cells in protected individuals revealed the presence of circulating HPV16-specific CD4+ T helper 1 (Th1; IFNγ-producing) and Th2 (IL-5-producing) cells and CD8+ cytotoxic T lymphocytes (CTLs) reactive to a broad array of Early and late antigens.
-Spontaneous regressions of HPV-induced lesions mainly occur in patients in whom the lesions are infiltrated with CD4+ and cytotoxic CD8+ T cells that outnumber CD25+ (regulatory) T cells and not by macrophages.
•Spontaneous regression is also associated with the presence of circulating HPV early antigen-specific CD4+ and CD8+ T cells. Moreover, the presence of circulating HPV-specific CD4+ T cells is associated with stronger T-cell infiltration and a favorable clinical outcome in HSIL and cancer after treatment.
BOX 2
Loss of immune control and escape in HPV associated neoplasia (Fig. 2) • Integration of virus with the host cellular genome blocks the productive life cell cycle, encourages immortalization and generates opportunity for acquisition of mutants which may offer additional means to escape immune control. There is a complex balance of immune system responses versus viral immune evasion mechanisms affects HPV persistence & likelihood of disease progression or regression.
• Virally mediated suppression of innate immunity; E6 and E7 mediated protection against interferons & inappropriate or reduction in activation of antigen presenting cells
• Immune activation is skewed toward T helper 2 response with cytokine balance supporting differentiation & infiltration of T and other immune regulatory cells which limit therapeutic T cell effector mechanisms either directly or by the production of cytokines such as IL10 and TGF beta.
-Progression of high grade lesions/ carcinoma is associated with a loss of local IFNγ and an increase in IL-10 -PCD4+ and CD8+ T-cell tumour infiltration can lack cytotoxicity and/or express co-inhibitory molecules Increased numbers of regulatory T cells (Tregs) and immunosuppressive myeloid cells are detected in HPV tumours. Tregs appear to be attracted by tumourproduced CXCL12 whereas myeloid cells are attracted by CCL2 (myeloid cells) to become immunosuppressive under the influence of tumour-produced mediators such as IL-6 and prostanglandin E2. A similar process occurs in tumour invaded lymph nodes.
-The ratio between tumour-infiltrating CD8 + T cells and Foxp3+ Tregs appears to be an independent prognostic factor in cervical carcinoma.
• The balance of local immune infiltration in persistent infection and chronic stimulation of the immune system with viral antigens can anergize controlling effector responses.
-Patients show either lack of or weak HPV early antigen-specific T cell reactivity in their blood and the response is often not associated with the production of Th1 or Th2 cytokines.
-HPV-specific T cells are detected in some HSIL, one third of the tumour-infiltrating lymphocytes (TILs) and in the majority of metastatic lymph nodes.
-Isolated CD4+ HPV-specific Tregs produced IL-10 and were highly capable of inhibiting the proliferation and cytokine (IFNγ and IL-2) production of activated naïve CD4+ T cells, Th1 cells and CTL.
• Frequent mutational events in neoplasia include HLA loss of expression make the tumour cells invisible to the CTL restricted by particular allelic genes but still resistant to NK cells. Moreover, the lowered expression of HLA or MICA reduces survival in patients whose tumours display low CD8/Treg ratios.
Source: references [110] [111] [112] [113] [114] [115] [116] [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] .
BOX 3
Key HPV E6/E7 functions to control cell proliferation and survival (Fig. 3) Co-ordinated viral strategy providing access to the host's replication machinery and the persistence of dividing cells necessary for the virus to amplify its own genome
• Retinoblastoma (Rb) protein regulates the activity of transcription factors like E2F which elicit the expression of proteins necessary for cycle cycle (G1 to S) progression and cellular genome replication.
• HPV-infected cells are forced into DNA replication regardless of cell cycle stage through E7 binding to Rb yielding hypophosphorylation and its inappropriate degradation, thereby releasing E2F.
• Such untimely DNA replication should trigger apoptosis, but this is prevented E6 directed destruction of the key proapoptotic protein p53. The E6 in complex with E6-AP enzymatically marks target proteins for degradation in the proteasome.
With persistent expression of E6 and E7, cells frequently acquire structural chromosomal changes such as translocations, deletions, and amplification, and numerical chromosomal imbalances (aneuploidy)
• The p53 pathway plays a critical role in sensing damage to the cell's genome, HPV infection inhibits capacity to either leave the cell cycle for repair or to die by apoptosis and thereby facilitates the accumulation of secondary DNA mutations providing opportunity for cell immortalization and malignant conversion.
• E7 function also contributes to the genetic instability of HPV-infected cells by interfering with the normal replication of centrosomes.
• With CIN progression there is a high frequency of integration of the HPV genome into the host's genome. This molecular event effectively deletes the viral E2 gene which limits the capacity of the virus to produce progeny virions, but importantly it eliminates E2 negative feedback on expression of E6 and E7 leading to increased cell proliferation. Proof that a loss of integrity of the E2-dependent regulation of E6 and E7 expression is inextricably associated with continuous cell proliferation has been shown by the reactivation of the p53 and Rb tumour suppressor growth inhibitory pathways in cervical cancer cells following reinstatement of E2 expression.
Many HPV types but only around 14 are associated with cancers. The difference in oncogenicity is delivered by the differential activity of E6 and E7 functions between high-and low-risk viruses
• Low-risk E6 proteins do not stimulate the degradation of p53 and activate telomerase while low-risk E7 or bind but less efficiently to Rb and do not induce its degradation and fail to disrupt centrosomes.
Highlights
• Surgical excision of HPV-lower genital tract neoplasia is very successful.
• Chemoradiation therapy of cervical cancer contributes to 66-79% survival at 5yrs.
• Improvements in treatment aim to exploit drugs or immune targeting of HPV.
• Drugs targeting HPV action in DNA binding or apoptosis are in early development.
• Modulating local and/or systemic immunity has shown some efficacy in VIN. Key HPV E6/E7 functions to control cell proliferation and survival. Strategies for drug targeting of HPV oncoproteins are shown. See also Box 3.
